Helicobacter pylori is an important pathogen of the gastric system. The clinical outcome of infection is thought to be correlated with some genetic features of the bacterium. However, due to the extreme genetic variability of this organism, it is hard to draw definitive conclusions concerning its virulence factors. Here we describe a novel H. pylori gene which expresses an autolytic enzyme that is also capable of degrading the cell walls of both gram-positive and gram-negative bacteria. We designated this gene lys. We found this gene and observed its expression in a number of unrelated clinical strains, a fact that suggests that it is well conserved in the species. A comparison of the nucleotide sequences of lys and the hypothetical gene HP0339 from H. pylori strain ATCC 26695 revealed almost total identity, except for the presence of an insertion consisting of 24 nucleotides in the lys sequence. The coding sequences of lys and HP0339 show a high degree of homology with the coding sequence of bacteriophage T4 lysozyme. Because of this similarity, it was possible to model the three-dimensional structures of both the lys and HP0339 products.
The past few years have been marked by successful completion of numerous genome sequencing projects, ranging from projects involving the short genomes of prokaryotes to projects involving the human genome (9) . The availability of the complete genome sequences of different organisms should have a profound impact on the development of new therapeutic strategies and on the identification of new genetic diseases.
Direct comparisons of genes whose functions have already been well characterized with newly sequenced genomes might allow workers to identify highly homologous predicted open reading frames. However, the hypothetical functions of the genes would be inferred solely on the basis of sequence homology with known genes, and they may not be the true functions in vivo. In addition, a gene may have a new function that is different from that deduced for its counterparts in other organisms.
For this reason, it is important to verify the actual function of any putative gene. By combining database searches with standard molecular biology techniques, it is possible to provide a complete description of the role of a gene.
The present work arose from our interest in using glycosidases in transglycosylation reactions for the synthesis of biologically relevant oligosaccharides (54) . In order to identify new members belonging to such families, we focused on T4 lysozyme as a reference enzyme in our study. In fact, it has been demonstrated that bacteriophage T4 lysozyme, a common ␤(1-4)-N-acetylmuramidase, can acquire transglycolytic activity if a key residue is mutated (28) .
In this study we investigated the presence in recently sequenced genomes of a gene whose predicted product exhibits a high level of homology with T4 lysozyme. Screening for a lysozyme-like candidate revealed a putative gene in the genome of Helicobacter pylori (strain ATCC 26695), an important pathogen of the digestive system. Further analysis confirmed that the most important features of the product of this putative gene should match those of the class of proteins to which the reference lysozyme belongs. A reverse transcription-PCR (RT-PCR) assay demonstrated that the gene is expressed in vivo, and a zymogram analysis of crude protein extracts of H. pylori strains showed that a lytic activity is present on H. pylori and both gram-positive and gram-negative bacterial cell walls. Cloning and expression of the gene obtained from one of our bacterial strains confirmed the hydrolytic action of the protein. Finally, theoretical modeling of the structure of H. pylori lysozyme revealed a very high degree of structural similarity with T4 lysozyme.
MATERIALS AND METHODS
Database search and multiple alignment. The complete nucleotide sequence of the lysozyme gene of bacteriophage T4 (GenBank accession number AF158101) was submitted to a FASTA3 server (http://www.cmbi.kun.nl/bioinf /tools/fasta.shtml) (40) for a nucleotide-versus-protein database search.
A multiple alignment was constructed by using a CLUSTALW server (http: //www.cmbi.kun.nl/bioinf/tools/clustalw.shtml) (52) with the sequence of the product of the H. pylori putative gene (HP0339) and five other lysozyme sequences, including those of enterobacterial phage P1, bacteriophage P21, bacteriophage PA2, enterobacterial phage P22, and bacteriophage T4. The amino acid sequences of the proteins can be obtained through the National Center for Biotechnology Information protein database by using the following accession numbers: HP0339, C64562; P1, CAA61013; P21, P51771; PA2, WMBPP2; P22, NP_059622; and T4, 230620.
Bacterial strains and culture conditions. H. pylori strains were isolated by gastric biopsy from 38 patients with gastritis and were maintained at Ϫ70°C in brucella broth containing 20% glycerol.
Bacteria were cultured at 37°C under microaerobic conditions in an anaerobic jar with a gas-generating kit (Oxoid, Basingstoke, England) on 7% horse blood agar plates supplemented with H. pylori selective medium (DENT) or in liquid cultures containing brucella broth (Difco), 10% calf fetal serum, and a selective antibiotic cocktail (DENT).
Escherichia coli XL1 blue and BL21 were used as hosts for plasmid cloning and protein expression, respectively. They were grown in Luria-Bertani broth (Sigma) supplemented with ampicillin (100 g/ml) for recombinant clone selection.
Protein extraction. H. pylori cells grown in 50-ml liquid cultures were collected by centrifugation and were washed rapidly twice with 5 ml of ice-cold phosphatebuffered saline (PBS) (8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl; pH 7.4). Cell pellets were resuspended in 100 l of PBS containing 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol (DTT), 0.5 g of pepsatinin per ml, and 0.6 g of leupeptin per ml and were lysed by sonication at 150 W for 5 min on ice.
DNase and RNase were each added to a final concentration of 40 g/ml, and the extracts were kept on ice for 1 h before centrifugation at 8,000 ϫ g for 10 min to separate the supernatants (crude extracts) from the remaining particulate matter. The total protein concentration was determined with the bicinchoninic acid protein assay reagent (Pierce). Genomic DNA extraction. The H. pylori genomic DNA used for PCR was prepared by resuspending bacterial cells grown on agar plates in 50 l of sterile water and boiling them for 10 min. After centrifugation for 15 min at 10,000 ϫ g, 10 l of supernatant was used for each PCR analysis.
The H. pylori DNA used for randomly amplified polymorphic DNA (RAPD) analysis was extracted from 50 ml of liquid culture by the cetyltrimethylammonium bromide method (6) .
PCR. Each PCR was carried out by using genomic DNA or cDNA as the template in a 100-l mixture containing 0.5 U of Taq DNA polymerase (Sigma), 1ϫ standard PCR buffer (Sigma), each deoxynucleoside triphosphate (dNTP) at a concentration of 0.1 mM, and 50 pmol of each primer with the following cycling conditions: 94°C for 3 min, 55°C for 1 min, and 72°C for 1 min for 35 cycles in a Progene DNA thermal cycler.
The following oligonucleotide primers were designed by using the previously published sequence of the putative lysozyme gene of H. pylori strain ATCC 26695: forward primer 5Ј-GATTCAGAGGGGTTTTCG-3Ј and reverse primer 5Ј-AAATTTCCATATTCCTTGACG-3Ј. These primers amplify the complete coding sequence.
vacA has been used as a control gene for RT-PCR and PCR. For detection of vacA, forward primer 5Ј-ATGGAAATACAACAAACACAC-3 and reverse primer 5Ј-CCTGAGACCGTTCCTACAGC-3Ј were used.
RT. Total RNA was isolated by lysing the bacterial cells in 50 ml of a liquid culture in guanidinium thiocyanate-phenol buffer (TRIZOL; Gibco) and by using DNase I treatment to remove contaminating genomic DNA (amplification grade DNase I kit; Sigma) as recommended by the manufacturer. One microgram of total RNA that was denatured at 70°C for 10 min was mixed with an RT mixture (50 mM Tris-HCl [pH 8.3] , 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, 200 U of Moloney murine leukemia virus reverse transcriptase [GIBCO-BRL], 30 U of RNase-OUT [GIBCO-BRL], 50 pmol of random exaprimers, each dNTP at a concentration of 0.5 mM) and incubated for 1 h at 37°C. After cDNA synthesis, the reaction was blocked by heating the mixture at 95°C for 5 min. To confirm the absence of contamination by genomic DNA, samples were prepared without reverse transcriptase treatment.
RAPD analyses. For each strain, RAPD analyses were carried out by using one of the following primers (2): 1247 (5Ј-AAGAGCCCCGT-3Ј), 1254 (5Ј-CCGCA GCCAA-3Ј), 1282 (5Ј-AACGCGCAAC-3Ј), or 1283 (5Ј-GCGATCCCC-3Ј).
RAPD analyses were performed in 50-l mixtures containing 10 ng of genomic DNA, 3.5 mM MgCl 2, 50 pmol of one of the four primers, 0.5 U of Taq DNA polymerase (Sigma), and each dNTP at a concentration of 100 M in the appropriate reaction buffer (Sigma). A Progene thermal cycler was used for 40 cycles of amplification (94°C for 30 s, 28°C for 1 min, and 72°C for 2 min). After PCR, 20-l aliquots were subjected to electrophoresis on a 2% agarose gel in 1ϫ Tris-acetate buffer.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein analyses were performed by using a denaturing 12% polyacrylamide gel (acrylamide/bisacrylamide ratio, 29:1) and the Laemmli method (30). After electrophoresis, proteins bands were visualized by Coomassie blue staining.
Preparation of E. coli and H. pylori murein sacculi. E. coli DH5␣ was grown in 1 liter of Luria-Bertani broth at 30°C overnight. Murein sacculi were prepared by boiling bacterial cells in 4% SDS for 4 h as previously described (21) and by washing the sacculi with 2 M NaCl to remove peptidoglycan-associated proteins.
H. pylori peptidoglycan was isolated from bacterial cells scraped from agar plates and resuspended in 10 mM HEPES (pH 7.5). The bacterial suspension was slowly dropped onto an equal volume of a boiling solution of 8% SDS and processed as described above for E. coli sacculi.
Murein sacculi were kept at Ϫ20°C in Milli-Q water until they were required and, before a zymogram gel was cast and a lyso-plate assay was performed, were homogenized by sonication at 220 W for 3 min. 2 and pouring the preparation into the wells of a 24-well plate (Falcon). After the agarose solidified, recombinant enzyme was spotted, the plate was incubated overnight at 37°C, and lytic zones were visualized by staining the gel with 0.1% methylene blue in 0.01% KOH.
A zymogram analysis of peptidoglycan hydrolysis was performed as previously described (50) . Protein extracts and/or recombinant purified enzymes were subjected to electrophoresis in SDS-PAGE gels containing heat-inactivated M. lysodeikticus cells (0.05%, wt/vol) or E. coli murein sacculi (0.01%, wt/vol) as a substrate.
Following electrophoresis, each gel was soaked for 30 min in Milli-Q water at room temperature and then incubated in renaturation buffer (20 mM sodium phosphate buffer [pH 7.0], 0.1% Triton X-100, 10 mM MgCl 2 ) at 37°C for 18 h with gentle agitation. Bands with lytic activity were visualized by staining the gel with 0.1% methylene blue in 0.01% KOH.
Molecular masses were determined by comparison with prestained molecular weight standards that were electrophoresed on the same gel.
Cloning, expression, and purification of recombinant protein. The coding sequences of the H. pylori lys and HP0339 genes were obtained by PCR performed by using genomic DNA from one of our clinical strains (designated HPTS142) and vector construct GHPAE79 obtained from the American Type Culture Collection (ATCC) as templates. For cloning, the following primers were used: forward primer 5Ј-AAGAATTCGATTCAGAGGGGTTTTCG-3Ј (EcoRI site underlined) and reverse primer 5Ј-AACTCGAGAAATTTCCAT ATTCCTTGACG-3Ј (XhoI site underlined).
The genes were cloned by using EcoRI and XhoI restriction sites in the pGEX-4T-1 expression vector (Pharmacia Biotech) and standard protocols (45) .
Recombinant proteins were overexpressed in E. coli BL21; bacteria harboring the pGEX-lys and pGEX-HP0339 plasmids were incubated in Luria-Bertani medium containing ampicillin (100 g/ml) at 30°C until the optical density at 600 nm was 1.0. Then 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to induce expression of the recombinant protein, and the preparation was incubated for 4 h at 30°C to minimize the presence of inclusion bodies. The cells were harvested by centrifugation at 10,000 ϫ g for 15 min, and the pelleted bacteria were resuspended and incubated in 10 ml of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) per g containing lysozyme (100 g/ml) for 1 h at 37°C. Following incubation, a solution containing 0.1% sodium deoxycholate was added, the preparation was sonicated at 220 W for 2 min on ice, and the insoluble fraction was separated by centrifugation (10,000 ϫ g, 15 min, 4°C).
Inclusion bodies were solubilized in 8 M urea-5 mM DTT, and protein refolding was obtained by dialyzing the solution against 50 volumes of TE buffer containing 1 mM DTT and 0.4 M arginine at 4°C overnight, followed by dialysis against 50 volumes of PBS containing 1 mM DTT at 4°C for 8 h.
Recombinant protein purification was performed by affinity chromatography by using glutathione-Sepharose 4B resin (Pharmacia-Biotech) according to manufacturer's instructions.
The glutathione S-transferase (GST) tail was removed from fusion protein bound to the resin matrix by incubating the resin in cleavage buffer (20 mM Tris-HCl [pH 8.4], 150 mM NaCl, 2.5 mM CaCl 2 ) containing 0.5 U of thrombin (Novagen) per g of fusion protein.
Molecular modeling by homology. Templates were identified by submitting the complete amino acid sequence of HP0339 to the 3D-pssm protein fold recognition server (http://www.bmm.icnet.uk/servers/3dpssm) (24, 25) . The Swiss-Pdb Viewer (http://www.expasy.ch/spdbv) (19) was used to align and compare the amino acid sequence of the target with the sequences and structures of the templates.
The resulting structure was modeled by submitting its complete amino acid sequence to the Swiss Model automated protein modeling server (http://www .expasy.ch/swissmod/SWISS-MODEL.html) (47) , using the same set of templates. The resulting model was minimized with Swiss-Pdb Viewer by 20 steps of in vacuo steepest descent minimization. Parts of the model exhibiting poor structural conformation were remodeled by using the Swiss-Pdb Viewer loop library. The final model was minimized as described above and was checked for quality by submitting the structure to a WHAT IF web server (http://www.cmbi VOL. 184, 2002 AUTOLYTIC LYSOZYME IN H. PYLORI 6271
.kun.nl:1100/WIWWWI/) (20, 55) . The same protocol was used for modeling the Lys protein.
Nucleotide sequence accession number. The nucleotide sequence of the lys gene from clinical strain HPTS142 has been deposited in the GenBank database under accession number AY054410.
RESULTS

Data bank searches.
We investigated the presence of genes likely to express lysozyme-like proteins in recently sequenced genomes. We approached the problem by searching the genomic databases for bacteriophage T4 lysozyme homologues, since this gene-enzyme system has been widely investigated in specific studies of the effect of mutagenesis on enzyme activity (3, 29, 39) . The availability of many T4 mutants and our knowledge of both the amino acid sequence (22) and the three-dimensional structure of the protein (42) make the T4 lysozyme a model that is particularly suitable for comparative studies.
A similarity search performed with the FASTA3 server from the CMBI website of Nijmegen University and the Protein Information Resource database (http://pir.georgetown.edu) (7) resulted in identification of four homologues of the T4 lysozyme; two of them were phage lysozymes, and the others were defined as hypothetical proteins (i.e., proteins whose nucleotide coding sequences are known but whose expression and function have not been tested yet).
Among the hypothetical proteins, the one that showed the highest homology with T4 lysozyme was the product of the putative HP0339 gene of H. pylori strain ATCC 26695, whose genome has recently been completely sequenced (53) .
The predicted HP0339 gene codes for a hypothetical protein consisting of 116 residues and having a molecular mass of 13,562 Da. As shown in Fig. 1, 32 (27%) of the 116 residues of the product of the HP0339 gene are identical to residues of T4 lysozyme. In addition, many other amino acid substitutions are conservative, further increasing the overall similarity.
Moreover, the alignment procedure confirmed that T4 lysozyme regions important for its enzymatic activity are conserved in the product of the HP0339 gene. In fact, it has been reported that the catalytic activity of T4, like the catalytic activities of most lysozymes, is largely due to three amino acids. In the case of the T4 lysozyme, catalysis takes place due to the concerted action of Glu11, Asp20, and Thr26 with the substrate (29) . These three amino acids are present in the product of the HP0339 gene and are located at the same relative distance; they are separated by six and seven residues.
The homology at the amino acid level found between the T4 lysozyme and the product of the H. pylori gene prompted us to investigate whether the HP0339 gene codes for a protein with lysozyme-like activity against bacterial cell walls.
H. pylori strain screening. H. pylori is characterized by high DNA polymorphism in the population, and there are differences in gene content among strains (23) . For this reason, in order to obtain a high level of confidence, we collected evidence of the presence of the gene from a nonnegligible number of H. pylori strains. We examined bacteria isolated by endoscopy from 38 patients with H. pylori infections. All of the clinical strains analyzed had the phenotype CagA ϩ VacA ϩ . RAPD analysis was used for genetic typing of the clinical isolates. Stable band patterns with a high discriminatory capacity were obtained by using four different primers (2) , and a comparison of the patterns showed that the strains isolated could be grouped into at least 30 distinct RAPD types having different genotypes and exhibiting various degrees of DNA polymorphism (data not shown).
Screening for the lysozyme-like gene in clinical strains was performed by PCR by using genomic DNA extracted by boiling water suspensions of bacteria. Specific primers were designed for the HP0339 nucleotide sequence (GenBank accession no. AE000551) to amplify a 348-bp fragment. Since all of the strains tested were VacA S1 or S2, two primers that amplify an internal region of the H. pylori vacA gene were used as controls for PCRs.
Interestingly, PCR genomic screening identified 21 unrelated strains that were positive for the HP0339 gene, but the gene was not detected in the other nine unrelated strains.
To verify the HP0339 nucleotide sequence reported in the GenBank database, we purchased from the ATCC the vector construct GHPAE79 (ATCC microbial special collection no. 627346). This construct contains a genomic insert corresponding to nucleotides 350692 to 351039 of the AE000511 locus of H. pylori strain ATCC 26695, including the complete coding sequence for the hypothetical HP0339 protein.
Lysozyme-like genes amplified by PCR from six unrelated clinical strains and from the ATCC construct were then isolated and sequenced. To ensure accuracy, the entire sequence FIG. 1. CLUSTALW alignment. The T4 lysozyme amino acid sequence was used as a reference for alignment of the HP0339 amino acid sequence. Matching residues are indicated by asterisks, whereas conserved and semiconserved residues are indicated by colons and dots, respectively. The residues forming the catalytic triad are highlighted.
was determined for each sample at least twice on one strand and once on the other strand. A comparison between the DNA sequence of the gene from our clinically isolated strains and that of the HP0339 gene showed that there was 96% identity in the complete sequence, except that only the clinical strains contained an insertion consisting of 24 consecutive nucleotides located between nucleotide positions 138 and 162 of the HP0339 coding sequence. The other differences observed in the nucleotide sequences were single substitutions, and most of them corresponded to consensus mutations.
Lysozyme-like gene expression in vivo. In order to test whether the H. pylori HP0339 lysozyme-like gene was actually transcribed in vivo into an mRNA, total RNA was extracted from H. pylori cells, and an RT-PCR assay was carried out with a set of primers that amplify the complete coding sequence. vacA primers were used as a control to ensure the quality and integrity of the bacterial RNA.
Strains HPTS142, HPTS65, HPTS36, HPTS12, HPTS50, and HPTS90 were tested for gene transcription by RT-PCR (Fig. 2) . Products of the appropriate size could be amplified only from the first three strains, indicating that lysozyme-like gene expression was not present in HPTS12, HPTS50, and HPTS90 (Fig. 2) . To confirm that the gene expressed in strains HPTS142, HPTS65, and HPTS36 was indeed the gene studied, fragments from two strains were sequenced (data not shown).
Cell wall lytic activity in H. pylori protein extracts. To demonstrate the presence of cell wall hydrolytic activity in isolated H. pylori strains, crude protein extracts were spotted on agar plates prepared with 20 mM phosphate buffer (pH 7.0)-10 mM MgCl 2 containing M. lysodeikticus cells as a substrate. After overnight incubation at 37°C, the protein extracts from our clinical strains of H. pylori that express lysozyme-like enzyme induced the lysis of M. lysodeikticus cells. No hydrolytic activity was found in the extracts from H. pylori strains that do not have the lysozyme-like enzyme (data not shown).
Zymogram gel analysis of peptidoglycan hydrolysis was used to better characterize the activity tested by the spot assay. Crude H. pylori protein extracts were subjected to SDS-PAGE in a gel containing 0.05% M. lysodeikticus cells. Following gel treatment with renaturation buffer (Fig. 3) , only protein extracts from lysozyme-positive strains were able to solubilize the peptidoglycan substrate and produce a clear band in the gel after staining with methylene blue. Bovine serum albumin and ovalbumin were electrophoresed in parallel on the same zymogram gel as negative controls (Fig. 3, lane 7) To eliminate the possibility that the clear lytic zones on the zymogram were due to an endoprotease instead of a lysozyme, protein extracts were treated with three protease inhibitors (leupeptin, aprotinin, and pepstatin; 0.1 g/ml) before the extracts were loaded on the gel. In these conditions, the activity of the lytic enzyme was not affected, demonstrating that no protease was responsible for lysis.
The enzyme has an apparent molecular mass of 13.5 kDa, as determined by comparison with calibrated SDS-PAGE standards, which corresponds to the theoretical molecular mass estimated for the lysozyme-like gene product. Despite the apparent strong activity revealed in the zymogram, a gel electrophoresed in parallel and stained with either Coomassie blue or   FIG. 2. RT-PCR analysis of lysozyme-like gene expression in clinically isolated H. pylori strains. By using the vacA gene as an internal standard, lysozyme-positive strains HPTS142, HPTS65, and HPTS36 (lanes 1 to 3) and lysozyme-negative strains HPTS12, HPTS50, and HPTS90 (lanes 4 to 6) were analyzed for gene expression. Additional details are described in Materials and Methods.
FIG. 3. Zymogram analysis of H. pylori protein extracts. Portions
(10 g) of total proteins extracted from H. pylori strains were loaded on an SDS-12% polyacrylamide gel containing 0.05% (wt/vol) M. lysodeikticus cells. After electrophoresis, the gel was incubated in renaturation buffer overnight and stained with 0.1% methylene blue. Lanes 1 and 2, crude protein extracts from lysozyme-negative strains HPTS12 and HPTS90, respectively; lanes 3, 4, 5, and 6, crude protein extracts from lysozyme-positive strains HPTS142, HPTS65, HPTS61, and HPTS36, respectively; lane 7, bovine serum albumin and ovalbumin (2 g). The positions of molecular weight (MW) markers are indicated on the left.
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AUTOLYTIC LYSOZYME IN H. PYLORI 6273 silver nitrate did not show any relevant band in that region (data not shown), indicating that the Lys protein is not a major protein in the bacteria. Cloning, overexpression, and purification of the Lys protein. To characterize the protein encoded by the gene and to verify that it was the cause of the lytic activity detected by spot assay and zymogram analyses, a PCR fragment coding for the protein, obtained from clinical strain H. pylori HPTS142, was cloned into the pGEX-4T-1 vector. The pGEX-4T vector is designed for inducible high-level intracellular expression of genes as fusion products with Schistosoma japonicum GST. A thrombin cleavage sequence, located immediately upstream of the multiple cloning site on the plasmid, enables subsequent removal of the GST tail. The E. coli host XL1 blue was transformed with recombinant plasmid pGEX-lys for cloning, and the E. coli host BL21 was transformed with positive recombinants for expression.
In order to extract the recombinant protein, whole bacterial cells were induced with IPTG and then sonicated after incubation in the presence of hen egg lysozyme and ionic detergent. In these conditions, a recombinant fusion protein was efficiently expressed and appeared in SDS-PAGE gels as a predominant band corresponding to a molecular mass of 44 kDa; this protein was absent in the BL21 host transformed with the pGEX-4T vector plasmid and in nontransformed BL21 cells (Fig. 4A) . As estimated by SDS-PAGE, the expression level of the soluble fraction of the recombinant protein was about 20 g/100 ml of bacterial culture. Moreover, a large percentage of the fusion protein was expressed as inclusion bodies (Fig. 4A,  lane 7) . Efficient extraction with 8 M urea and proper refolding by sequential dialysis in physiological buffer allowed us to retrieve the fusion protein from the inclusion bodies.
The recombinant protein was purified from bacterial proteins by affinity chromatography by using a gluthatione-Sepharose 4B resin that specifically binds GST. Cleavage of the purified recombinant protein from GST was performed with thrombin. All purification steps were monitored by SDS-PAGE analysis, as shown in Fig. 4 . The molecular mass of the thrombin-cleaved recombinant protein was determined to be around 13.5 kDa, as expected by comparison with the theoretical molecular mass of the cloned protein (Fig. 4B, lanes 5 and  6) .
The activity of the recombinant protein was tested by zymogram analysis. The recombinant protein formed a lytic band at 13.5 kDa in gels containing heat-inactivated cells of M. lysodeikticus, indicating that the cloned DNA fragment encodes a protein with cell wall-lytic activity against gram-positive bacteria (Fig. 5A) . In contrast, the purified recombinant protein fused with GST did not show any lytic activity in spot and zymogram assays (data not shown). Probably, the fusion protein is expressed in E. coli in an inactive form, and correct refolding of lysozyme protein is prevented by the presence of the GST affinity tail. Moreover, no hydrolytic activity was detected in protein extracts from nontransformed BL21 cells (data not shown).
To test the possible autolytic activity of the recombinant protein on cell walls of H. pylori, a small-scale lyso-plate assay was performed. Purified samples of recombinant enzyme were applied to solidified agar containing peptidoglycan isolated from H. pylori poured onto a 24-well plate. After overnight incubation at 37°C and methylene blue staining, zones of lysis appeared as clear rings around the spots where samples had been applied, indicating the presence of a protein able to digest the peptidoglycan substrate. Extracts from nontransformed BL21 cells were used as negative controls (Fig. 5B) .
Attempts to develop a procedure for large-scale cultivation in flasks of our clinical H. pylori strains have been unsuccessful so far. Therefore, it has not been possible to test recombinant enzyme activity on a zymogram gel containing cell walls isolated from H. pylori.
Since gram-negative bacteria are presumed to have structurally homogeneous cell walls (46), murein sacculi from E. coli DH5␣ cells were extracted and purified. In a zymogram gel analysis performed in the presence of E. coli sacculi as the substrate, both the crude protein extracts from strain HPTS142 (Fig. 5C, lane 2) and the purified recombinant Lys protein (lane 1) yielded a lytic band. The molecular mass of the band is about 13.5 kDa, in perfect agreement with the theoretical calculated molecular mass for this protein (Fig. 5C ).
Cloning and expression of the HP0339 gene. To verify that the absence of the 8-amino-acid insertion in the HP0339 protein could alter the activity, the HP0339 gene was cloned. By using the coding region of the vector construct GHPAE79 obtained from the ATCC, the HP0339 gene was cloned in the pGEX-4T expression vector. The recombinant protein was expressed, purified, and cleaved with thrombin as described above for the Lys protein. As shown in Fig. 6 , recombinant HP0339 is an autolytic enzyme that is also capable of degrading M. lysodeikticus cell walls; i.e., it is active on both gram-positive and gram-negative substrates.
Molecular modeling of the products of HP0339 and lys. The structural folding of the product of HP0339 was checked by submitting its amino acid sequence to the 3D-pssm server. The sequence was classified as a member of the phage T4 lysozyme family (Structural Classification Of Proteins family d119l) (37) . The expectation value of the match is Ͼ95%, suggesting that a good set of templates was found. Two domains were detected, one ␤ domain comprising residues 3 to 27 and one ␣ domain comprising residues 38 to 111. Further modeling was done by using as templates the members of family d119l showing the best alignment with the target amino acid sequence (the atomic coordinates are available in the Research Collaboratory for Structural Bioinformatics protein data bank at PDB # 247L, PDB # 1CU2, PDB # 1CU3, PDB # 236L, PDB # 128L, PDB # 1CU0, PDB # 127L, PDB # 1L59, PDB # 1L25, PDB # 1L32, PDB # 1L27, and PDB # 1L28). The amino acid sequence corresponding to the product of gene HP0339 was threaded on the backbone of the templates and then submitted to Swiss Model. The resulting structure was minimized, and the resulting Ramachandran plot was checked. Some residues (Tyr31, Glu32, Tyr40, Lys108 Ile113, Gly5, Gly16, Gly21, Gly71, and Gly112) were outside the allowed regions. These residues were refined by remodeling the regions to which they belong by making use of the loop library of Swiss-Pdb Viewer.
FIG. 5. Zymogram analysis of hydrolytic activity against M. lysodeikticus cells (A) and E. coli murein sacculi (C) of recombinant protein Lys and lyso-plate assay with H. pylori sacculi (B). (A)
Five micrograms of recombinant Lys protein was loaded on a 12% polyacrylamide gel containing 0.05% (wt/vol) M. lysodeikticus cells, and the gel was stained with methylene blue to visualize lytic bands. (B) Five-micrograms of recombinant Lys protein was spotted on an agar plate containing H. pylori sacculi as the substrate and incubated overnight at 37°C (plate 1). As a negative control, lysate from nontransformed Bl21 cells was spotted on another plate (plate 2). To visualize lytic zones, the gels were stained for 1 h in 0.01% methylene blue and destained with Milli-Q water. (C) Five-micrograms of recombinant Lys protein (lane 1) and 20 g of total H. pylori proteins (lane 2) were electrophoresed in an SDS-12% polyacrylamide gel containing 0.01% (wt/vol) E. coli murein sacculi. After electrophoresis, the gel was treated to visualize lytic bands as described above.
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The iterative refinement was continued until only glycine residues were outside the allowed Ramachandran regions. The final structure was obtained by minimizing the refined model. The tertiary structure of the product of the lys gene was obtained by using the protocol described above. In this case the phage T4 lysozyme family d119l was also identified with an expectation value for the match of Ͼ95%; the domains detected were an ␤ domain, formed by residues 3 to 27, and an ␣ domain, formed by residues 56 to 119. A new set of templates (the atomic coordinates are available in the Research Collaboratory for Structural Bioinformatics protein data bank at PDB # 247L, PDB # 1CU2, PDB # 1CU3, PDB # 236L, PDB # 128L, PDB # 1CU0, PDB # 127L, PDB # 1L59, PDB # 1L25, PDB # 1L32, PDB # 1L27, and PDB # 1L28) was used to thread the sequence corresponding to the product of the lys gene. The structure obtained with Swiss Model was minimized and checked for residues in forbidden regions of the Ramachandran plot. After refinement, only residues Ile121, Gly5, Gly16, Gly21, Gly41, Gly79, and Gly120 were found outside the allowed Ramachandran regions.
Superposition of the structures obtained for the HP0339 and Lys proteins onto the templates (Fig. 7) showed that the main features of the typical lysozyme-like fold, such as the distance between the C␣ of the catalytic triad, were preserved. In particular, the residues involved in the formation of a complex between T4 lysozyme and its natural substrate, the peptidoglycan, are in general either identical or conserved (27) .
The overall backbone root mean square deviations between the wild-type T4 lysozyme (PDB # 2LZM) and the final models were 3.05 for HP0339 and 2.86 for the Lys protein. However, the root mean square deviations dramatically decreased to 0.62 for HP0339 and to 0.63 for the Lys protein in the regions that could be aligned.
The existence of the 8-amino-acid insertion in the Lys pro- tein allowed us to model a helix in the region connecting the ␣ domain to the ␤ domain, thus increasing the overall structural similarity between the Lys protein and the wild-type T4 lysozyme. The same region was modeled as a loop in HP0339. However, both model structures allow placement of the ␣ and ␤ domains in the same positions relative to each other, thus creating a very reasonable approximation of the active site (Fig. 8) .
DISCUSSION
Many bacteria have been shown to contain one or more cell wall lytic enzymes. These enzymes, called autolysins, can be as diverse as N-acetylglucosaminidases, N-acetylmuramyl-L-alanine amidases, endopeptidases, transglycosylases, and N-acetylmuramidases (lysozymes) (48) .
Despite considerable descriptive information about lytic transglycosylases from numerous bacteria (44) , many aspects of the physiological functions of these enzymes remain conjectural; they are described as being involved in cell wall turnover (17) , cell separation, competence for genetic transformation, formation of flagella, and sporulation (43) .
In this study, we successfully employed a genomics-based approach that allowed us to identify and clone an H. pylori gene that is highly homologous to the T4 phage lysozyme. H. pylori gene HP0339 was described after genomic sequencing of strain ATCC 26695 (53) as a putative gene that codes for a hypothetical lysozyme-like protein. Overall, 27% of its 116 amino acids are identical to those of T4 phage lysozyme. When the fact that 24 of the nonidentical amino acids are conservative substitutions is taken into account, the similarity dramatically increases to 52%. Based on these observations, we hypothesized that the HP0339 gene could code for a protein with lysozyme-like activity.
H. pylori is a gram-negative, spiral, pathogenic bacterium. It specifically colonizes the gastric epithelium of primates and is an etiologic agent of chronic gastritis (10) . Bacterial properties and various factors, both factors of the host and factors of the environment, can cause gastritis to progress to more severe diseases over a period of years. These diseases include peptic ulcers, gastric lymphoma, and carcinoma (12, 34) . The presence of a lysozyme in H. pylori might result in a number of hypotheses concerning the role of such an enzyme in the life cycle of this extremely important pathogen of the gastric system.
We examined by PCR some unrelated clinical strains of H. pylori, and in only 70% of them was the lysozyme gene detected. This fact was not unexpected, since it is known that at least strain J99, whose complete genome has been sequenced (4), does not have any gene homologous to HP0339. Gene sequencing of six different strains revealed almost complete homology with the HP0339 nucleotide sequence of strain ATCC 26695, except for a conserved insertion consisting of 24 nucleotides present only in the clinical strains. We designated this variant form of the HP0339 gene lys. These findings confirmed the high level of genetic variation described for H. pylori (23) , which is commonly believed to be a very variable species. Moreover, genes that are present in certain isolates of a given bacterial species or strain and that are absent or substantially different in others can be of great biological interest. In some cases, the difference may determine strain-specific features, such as drug resistance (15) terial surface structure (49), or restriction modification (26) . Strain-specific factors that may influence pathogenicity are especially important (5) . Studies of the molecular genetics of H. pylori have revealed that its extensive diversity at the level of individual genes may contribute to the pathogenicity of this bacterium (11, 58) . The cag island (1), a 35-to 40-kDa genetic element for which the cagA gene is a marker, is an example of polymorphism that affects clinical outcome. Not all H. pylori strains contain the cag island; its presence is associated with an increase in the production of interleukin 8 and mucosal inflammation and with an increased risk of clinically significant pathology. In addition, there is a strong association between the presence of the cag island and several other genotypes, such as the vacA gene (this is especially true for the s1-m1 type), which codes for a secreted molecule that induces vacuole formation in epithelial cells (13) . In order to validate any statistical correlation between lysozyme expression and clinical outcome, it is necessary to sample a wide variety of strains. In the present study, only CagA ϩ phenotype strains were available; acquisition of more significant strains is currently being undertaken.
The lys gene, both in the native form and in the recombinant form, codes for an enzyme with lytic activity against cell walls of H. pylori and, in general, gram-positive and gram-negative bacteria.
As indicated above, the HP0339 gene differs from lys in the absence of an insertion consisting of 24 consecutive nucleotides. The absence of an 8-amino-acid insertion in the HP0339 protein does not seem to dramatically alter the activity.
The presence of an autolytic lysozyme in H. pylori is consistent with the hypothesis concerning altruistic behavior (41) . According to this hypothesis, H. pylori uses genetically programmed bacterial autolysis of a fraction of the bacterial population to release urease and other antigenic cytoplasmic proteins that become adsorbed onto the outer membrane of the remaining intact bacteria (18) . Autolysis of H. pylori could have implications for pathogenesis. It might explain some aspects of the behavior of H. pylori, including how this noninvasive bacterium can present virulence factors and immunogens to its host, inducing a significant inflammatory response (14) . Moreover, a massive release of cytoplasmic proteins may overwhelm the immune system, favoring immune evasion by the bacterium (33).
Although we describe only a single lytic activity, at the moment we cannot exclude the possibility that the activity of the Lys lysozyme could be modulated by interactions with a larger complex of other enzymes.
In addition, structural modifications of the cell wall should play a role in H. pylori pathogenesis if cell wall fragments are released. For instance, liberation of peptidoglycan fragments as a consequence of a hydrolytic activity may trigger inflammatory and arthropathic processes (31, 51, 57) . Murein fragments from different bacteria are capable of highly specific interactions with particular cell types of a host, as exemplified by Bordetella pertussis tracheal cell cytotoxin [N-acetylglucosaminyl-(1-6)-anhydro-N-acetylmuramyl-L-Ala-D-Glu-mesodiaminopimelyl-D-Ala], which leads to destruction of infected ciliated tracheal cells (32) , or by an identical toxin of Neisseria gonorrhoeae that promotes ciliated-cell-specific damage in the fallopian tube mucosa (35) . The structural and morphological changes of the cell wall involved in the transition of H. pylori cells from the spiral form to the coccoid form have not been studied in detail. Still, it is worth remarking that the H. pylori cell wall has a unique muropeptide composition and that it undergoes substantial structural modifications. These modifications require activation of specific enzymes when cells stop growing actively and become committed to morphological transition (8, 36) .
From an evolutionary point of view, the discovery of prophages that carry drug resistance and virulence genes in different bacterial species (38, 56) and the high sequence homology between T4 lysozyme and the lys (HP0339) gene could lead to the hypothesis that the Helicobacter lysozyme gene had a prophage origin. Prophage genes, when they encode functional proteins, may have an effect on bacterial fitness and consequently may be important as virulence factors or may be useful as markers for epidemiology and evolutionary studies.
From the structural point of view, the models of the proteins encoded by HP0339 and lys have the features typical of the bacterial lysozyme family. Both proteins have ␣ and ␤ domains, forming the catalytic cleft. One interesting characteristic of the protein encoded by lys is the 8-amino-acid insertion, which allows it to form a helix in the region connecting the two domains, whereas the protein encoded by HP0339 seems to form a loop in the same region. One possible effect due to the insertion could be modulation of the domain motions (16) and, consequently, of the shape of the active cleft that might be reflected in variation in the specificity or kinetics of the enzyme. Furthermore, the insertion is an interesting feature whose effect on the structure and function of the enzyme is now being investigated.
Further functional characterization, such as in vivo localization and crystallographic structure analyses, will be performed as soon as a sufficient quantity of protein is available.
